Abstract. A semi-nested polymerase chain reaction (PCR) was evaluated for detection of Japanese encephalitis (JE) virus in infected mosquitoes stored under simulated northern Australian summer conditions. The effect of silica gel, thymol, and a combination of the two on RNA stability and virus viability in dead mosquitoes were also examined. While JE virus RNA was relatively stable in mosquitoes held for up to 14 days after death, viable virus was not detected after day 1. Thymol vapor inhibited fungal contamination. Detection of single mosquitoes infected with JE virus in large pools of mosquitoes was also investigated. Single laboratory-infected mosquitoes were detected in pools of Յ 200 mosquitoes and in pools diluted to 0.2/100 and 0.1/100 mosquitoes, using the semi-nested PCR. However, the ability to detect live virus decreased as pool size increased. The semi-nested PCR proved more expensive than virus isolation for pools of 100 mosquitoes. However, the semi-nested PCR was faster and more economical using larger pools. Results indicate that surveillance of JE virus in mosquitoes using the semi-nested PCR is an alternative to monitoring seroconversions in sentinel pigs.
INTRODUCTION
Following the first appearance of Japanese encephalitis (JE) virus in the Torres Strait in 1995, 1 control and prevention measures implemented have included surveillance of JE virus activity in the Torres Strait and northern Queensland, Australia by detection of seroconversions to JE virus in sentinel pigs. 2 The sentinel system has since detected JE virus activity in the Torres Strait in all years except 1999, and detected activity in Cape York in 1998 2−4 (Lee JM, Smith GA, unpublished data). However, the use of sentinel pigs for surveillance of JE virus activity in Cape York and the Torres Strait is expensive, and since pigs are amplifying hosts of JE virus, they pose a potential risk to the community. Thus, other methods of surveillance are urgently required.
Although virus detection in field-collected mosquitoes is a gold standard of surveillance, the routine collection of mosquitoes for virus isolation is not practical in this instance because the remoteness of Cape York and the Torres Strait prohibit daily servicing of standard light traps. A new mosquito trap developed by American Biophysics Pty., Ltd., (East Greenwich, RI) overcomes some of these difficulties by using propane gas to produce CO 2 , allowing it to function for up to three weeks without a propane refill. 5 By using these traps together with alternative methods of JE virus detection, it may be possible to develop a safer and more effective surveillance system instead of using sentinel pigs. With respect to viral detection methods, both West Nile (WN) 6 and St. Louis encephalitis (SLE) 7 viruses have been detected with a reverse transcriptase−polymerase chain reaction (RT-PCR) in dead mosquitoes held at 20°C and 27°C for 14 days and 20 days, respectively. However, studies of the stability of JE virus and viral RNA in dead mosquitoes held in humid, hot conditions typical of the north Queensland summer have not been conducted. Furthermore, to rapidly process the large numbers of mosquitoes required for surveillance purposes, mosquitoes would need to be examined in large pool sizes (> 100), as was recently demonstrated for Rift Valley fever (RVF) virus. 8 This paper describes investigations into the stability of JE virus RNA and virus viability in dead mosquitoes stored on desiccating and anti-fungal reagents, as well as detection of infectious JE virus and viral RNA in large pools of mosquitoes using standard virus isolation techniques 9 and a seminested RT-PCR.
MATERIALS AND METHODS

Mosquito infections.
Laboratory-reared Culex sitiens (colonized from Coomera Island, Queensland) were infected with JE virus for determination of RNA stability and virus viability in dead mosquitoes and pool size experiments. Two-to-three day-old mosquitoes were starved for 24 hours prior to infection. Mosquitoes were allowed to feed through a pig intestine membrane feeder containing approximately 3 mL of blood/ virus mixture comprising stock JE virus (TS3306) diluted in heparinized (25 units/mL) rabbit blood and 1% sucrose. The final titer of the blood/virus mixture was between 10 6.21 and 10 7.61 log 10 tissue culture infective dose 50 (TCID 50 )/mL. Mosquitoes were allowed to feed for 3 hours, after which nonengorged mosquitoes were discarded. Mosquitoes were held at 28°C at a relative humidity of 70−75% with a 12-hour light/day photoperiod with 45-minute crepuscular periods. Apple slices and 10% honey water were offered as a nutrient source. After a 12-day extrinsic incubation, mosquitoes were killed with CO 2 . The head and salivary glands from each mosquito were removed and assayed by immunofluorescence 10 to confirm infection. Infected mosquitoes were stored directly at −70°C for the pool size experiment or placed into an incubator for up to 14 days post-death to investigate RNA stability and virus viability in dead mosquitoes.
Stability of RNA and virus viability in dead mosquitoes. To determine whether different storage substrates were beneficial or detrimental to virus viability or RNA stability, four substrates were tested: 1) 300 grams of eight-mesh silica gel desiccant (Ajax FineChem, Sydney, New South Wales, Australia); 2) cotton wicks saturated with the anti-fungal agent 5-methyl-2-isopropylphenol (thymol; Crown Scientific, Fortitude Valley, Queensland, Australia); 3) eight-mesh silica gel plus thymol-saturated wicks; and 4) no substrate. Thymol wicks were prepared by placing cotton wicks (Commonwealth Dental Supplies, Brisbane, Queensland, Australia) into a saturated solution of thymol crystals in acetone. The wicks were then removed and allowed to dry in a fume cupboard before being stored in a sealed jar. Experiments using thymolsaturated wicks were performed separately due to the pervasive nature of the thymol vapor. Silica gel was replaced when the humidity inside the container reached 40%.
Replicates of single infected mosquitoes were placed in petri dishes inside rectangular (17 × 11.5 × 5.5 cm) plastic Reko Food storage containers (Reko Pty., Ltd., Lisarow, New South Wales, Australia) containing one of the substrates. Holes (5-cm diameter) were cut into the lid of each container, which was placed directly below an operating encephalitis vector surveillance trap 11 in a humidified environmental incubator that maintained storage conditions at a relative humidity of 70−80% and a temperature between 28°C (7:00 PM to 7:00 AM) and 32°C (7:00 AM to 7:00 PM). These conditions were chosen to simulate environmental conditions that mosquitoes would be exposed to when collected at Cape York or the Torres Strait, based on weather records from the Australian Bureau of Meteorology. Infected mosquitoes were removed from each container at days 0, 1, 2, 4, 7, and 14, then stored at −70°C until use. Individual infected mosquitoes and uninfected negative control mosquitoes were subsequently homogenized 9 in 600 L of M199 cell culture medium (containing 2% fetal bovine serum). Homogenate was used directly for RNA extractions and clarified briefly by centrifugation at 2,000 rpm for two minutes for titration for infectious virus content. Negative control uninfected mosquitoes were homogenized and assayed concurrently with each group of samples processed.
Virus assay. Fifty microliters of undiluted clarified homogenate was added to duplicate wells of a confluent 96-well plate of C6/36 cells to determine if viable virus and fungal contaminants were present. To determine the virus titer in each mosquito, a 100-L aliquot of homogenate was diluted 1/10 in M199 (containing 2% fetal bovine serum), filtered through a 0.2-m syringe filter to remove potential fungal contaminants, and 10-fold dilutions were inoculated onto the remaining wells of the 96-well plate seeded with C6/36 cells. The C6/36 cells were incubated at 28°C for six days in a 5% CO 2 -enhanced environment before being fixed and assayed by tissue culture enzyme immunoassay (TC/EIA) 12 using the JE virus-specific monoclonal antibody 995. 13 The infectious titers of individual mosquitoes were determined using a formula for calculating 50% end points 14 and expressed as the log 10 TCID 50 /mosquito.
Extraction of RNA. RNA was extracted from 100 L of unclarified homogenate immediately following homogenization. Extractions of RNA from mosquito homogenates were carried out using TRIZOL Reagent (Gibco-BRL Life Technologies, Gaithersburg, MD) according to the manufacturer's instructions. The RNA pellet was air-dried prior to resuspension in 20 L of diethylpyrocarbonate (DEPC)−treated double-distilled water and stored at −70°C. Pellets that did not completely dissolve were heated for five minutes at 55°C prior to storage at −70°C. The RNA was assayed by RT-PCR and semi-nested PCR as described in this report.
RT-PCR and semi-nested PCR. A single-tube RT-PCR was used to minimize the number of manipulations required for each sample, thereby helping to avoid sample contamination. An additional semi-nested PCR was used to enhance the sensitivity of the JE virus detection system. Positive and negative controls were included in each assay to confirm adequate assay performance. The primers used in the RT-PCR were forward primer FV-128 (5Ј-CCGGGCTGTCAATATGCT-3Ј, designed by J. Conlon; The University of Queensland, Brisbane, Queensland, Australia) and reverse primer prMR3 (5Ј-CATGAGGTATCGCGTGGC-3Ј). In the semi-nested PCR, FV-128 was also used as the forward primer; however, FV-prM (5Ј-CACCAGCAGTCAATGTCTTC-3Ј) and JE659 (5Ј-CACCAGCAATCCACGTCCTC-3Ј) (also designed by J. Conlon) were used as the reverse primers. The flavivirus group-reactive primers FV-128, FV-prM, and JE659 were designed using nucleotide sequence alignments of JE virus strains FU, M15, and M40, Murray Valley encephalitis (MVE) virus strain MVE/1/51, Kunjin (KUN) virus strain MRM61C, WN virus strain Wengler, and SLE virus strain MSI.7, and were based in part on dengue consensus primers described elsewhere. 15 Primer prMR3 was designed using nucleotide sequence alignments of isolates of JE virus strains FU, K94P05, Nakayama, and JKT6468, which represented four different genotypes, 16−18 MVE virus, and KUN virus. Primers annealed to regions encoding the capsid (C) to membrane (M) proteins in the RT-PCR and C to pre-membrane (prM) regions in the semi-nested PCR. This region was chosen because it has elements conserved in several mosquitoborne flaviviruses, 15 and is commonly used for nucleotide sequence analysis of isolates of JE virus. 9, [16] [17] [18] [19] [20] The two reverse primers were used in the semi-nested PCR to maximize annealing to the genome of different genotypes of JE virus and to other flaviviruses, thereby improving sensitivity. The primers described were capable of detecting representatives of the four genotypes of JE virus in addition to MVE, KUN, WN, Kokobera, and Stratford viruses. Working stocks of primers (Sigma-Aldrich Pty., Ltd., Castle Hill, New South Wales, Australia) (100 ng/L) were made in DEPC-treated doubledistilled water and stored at −20°C. In addition to noninfected individual mosquito or pools of mosquitoes, DEPCtreated water and JE virus stock (TS3306) were used as negative and positive controls, respectively.
Reverse transcription and amplification was carried out using two microliters of denatured RNA in a 25-L reaction volume containing Red Hot buffer (Advanced Biotechnologies, Surrey, United Kingdom), 50 ng of each primer (FV128 and prMR3), one unit of avian myeloblastosis virus reverse transcriptase (Promega, Madison, WI), 2.5 units of Red Hot Taq polymerase (Advanced Biotechnologies), four units of RNasin (Promega), 1.5 mM MgCl 2 , 0.4 mM dNTPs (Biotech International, Ltd., Perth, Western Australia), and 0.4 mM dithiothreitol (Promega). Reverse transcription was carried out at 55°C for one hour before beginning a touchdown procedure 21 that included denaturation for one minute at 94°C, followed by two cycles of denaturation at 94°C for 30 seconds, annealing at 60°C for 30 seconds, and elongation at 72°C for one minute. The annealing temperature was then varied for two cycles of annealing temperatures at 58°C, 56°C, 54°C, and 52°C. Finally, 20 cycles of the PCR were carried out with a denaturing temperature of 94°C for 30 seconds, annealing at 50°C for 30 seconds, and elongation at 72°C for one minute, followed by a final elongation at 72°C for 10 minutes. The resulting PCR products were visualized after electrophoresis on a 1.5% agarose gel in Tris-acetate-EDTA (TAE) buffer. The expected DNA product had a size of 714 nucleotides based on the nucleotide sequence of JE virus strain FU. 20 The semi-nested PCR was carried out in a 25-L volume of DETECTION OF JE VIRUS RNA IN DEAD MOSQUITOES the manufacturer's (Advanced Biotechnologies) buffer containing 5 L of primary RT-PCR product (after diluting 1:100 in DEPC-treated water), 50 ng of forward primer (FV-128), 50 ng of each reverse primer (JE659 and FV-prM), 0.4 mM dNTPs, 1.5 mM MgCl 2 , and 2.5 units of Red Hot Taq polymerase. The touchdown PCR included denaturation at 94°C for one minute, followed by two cycles of denaturation at 94°C for 30 seconds, annealing at 56°C for 30 seconds, and elongation at 72°C for one minute. The annealing temperature was then varied for two cycles of annealing temperatures at 54°C, 52°C, 50°C, and 48°C. Finally, 20 cycles of the PCR were carried out with a denaturing temperature of 94°C for 30 seconds, annealing at 46°C for 30 seconds, and elongation at 72°C for one minute, followed by a final elongation at 72°C for 10 minutes. The resulting PCR products were visualized after electrophoresis on a 1.5% agarose gel in TAE buffer. The expected DNA product had a size of 554 nucleotides based on the nucleotide sequence of JE virus strain FU.
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Detection of JE virus and RNA in large mosquito pools. Single, confirmed infected mosquitoes were added to different sized pools of colony-reared non-infected mosquitoes to determine if individual infected mosquitoes could be detected in pools of various sizes. Single JE virus-infected mosquitoes were added to pools of up to 199 non-infected laboratory-reared mosquitoes of mixed species. Five replicates and single negative control pools were examined per pool size. Pool sizes, volume of diluent, and homogenization times were as follows: one infected mosquito triturated in 600 L for 1.5 minutes, 25 mosquitoes triturated in 2.5 mL for 1.5 minutes, 50 mosquitoes triturated in 5.0 mL for 3.0 minutes, 100 mosquitoes triturated in 5.0 mL for 3.0 minutes, and 200 mosquitoes triturated in 5.0 mL for 5 minutes. Pool sizes > 200 mosquitoes were too large for the 5-mL tubes used to homogenize smaller mosquito pools. To simulate pools of 500 and 1,000 mosquitoes, 1:5 and 1:10 dilutions of pools of 100 mosquitoes containing single infected mosquitoes were made in homogenates from negative control pools of 100 mosquitoes following the procedures of Armstrong and others, 22 such that the final concentrations were ∼0.2/100 and ∼0.1/100 mosquitoes. Samples were homogenized as previously described and RNA was extracted and tested by RT-PCR and semi-nested PCR. Furthermore, the infectious titer of each pool was determined by 10-fold dilutions using C6/36 cells and the TC/EIA as previously described, and expressed as the log 10 TCID 50 /mL. In addition, 33 confirmed JE virus positive pools from Papua New Guinea 9 and the Torres Strait 4, 18, 19 (Johansen C, unpublished data) were assayed by semi-nested PCR to further validate the procedure.
RESULTS
The viability of JE virus decreased rapidly after the death of laboratory-infected mosquitoes stored in simulated climatic conditions of northern Queensland ( Table 1) . The mean ± SD infectious titer of mosquitoes (minus head and salivary glands) immediately after death and prior to storage was 3.39 ± 0.88 log 10 TCID 50 /mosquito (no substrate and silica gel alone) or 3.71 ± 0.37 log 10 TCID 50 /mosquito (thymol alone and thymol plus silica gel). However, only one mosquito (1.1%) had detectable virus in the TC/EIA Ն 1 day after death. Fungal contamination was observed in some samples stored without substrate, or on silica gel alone; no fungal contamination was detected in mosquitoes held in the presence of thymol vapor or thymol vapor plus silica gel. The RNA appeared to remain relatively stable in mosquitoes stored for up to 14 days after death. All mosquitoes held in thymol alone or thymol plus silica gel had detectable viral RNA in the RT-PCR and semi-nested PCR, while viral RNA was detected in 85% and 90% of mosquitoes stored without a preserving substrate by RT-PCR and semi-nested PCR, re- spectively. Similarly, 90% of the mosquitoes stored in silica gel alone had detectable RNA in the RT-PCR, although virus RNA was detected in all such samples after the additional amplification cycles in the semi-nested PCR. No PCR products were detected in negative control samples. The infectious titer of mosquito pools containing single laboratory-infected mosquitoes (mean ± SD log 10 TCID 50 / infected mosquito ‫ס‬ 3.71 ± 0.37) decreased sharply with increasing pool size (Table 2) . Despite a two-fold dilution factor between pools of 25 and 50 mosquitoes, the infectious titer decreased by more than one log 10 TCID 50 /mL. The infectious titer continued to decrease at a similar rate as pool size increased from 50 to 200 mosquitoes, which were all homogenized in a volume of 5 mL. No viable virus was detected in simulated pools of 500 and 1,000 mosquitoes. There was also a decrease in the ability to detect JE virus RNA by RT-PCR when pool size was increased. However, all samples (including 500 and 1,000 mosquitoes) were positive by the seminested PCR, with little difference in PCR product intensity. Furthermore, the semi-nested PCR product was of sufficient intensity to obtain nucleotide sequence information and perform phylogenetic analyses of positive pools of mosquitoes. No PCR products were detected in the negative controls. In addition, 100% of the previously confirmed JE virus infected pools of mosquitoes from Papua New Guinea and the Torres Strait were positive by the semi-nested PCR.
DISCUSSION
Irrespective of the preserving substrate used for storing mosquitoes (silica gel, thymol wicks, silica gel and thymol wicks, or no substrate), viral RNA from JE virus-infected mosquitoes was detected in all but two instances by the seminested PCR. The two negative mosquitoes were not stored on a preserving substrate. Furthermore, 100% of the mosquitoes stored on thymol wicks (either alone or with silica gel) were detected using the RT-PCR alone, compared with 85% and 90% of mosquitoes stored without a preserving substrate or on silica gel alone, respectively. Thymol wicks appeared to inhibit development and growth of mold in the humid conditions the mosquitoes were exposed to, and they also may also have improved the stability of RNA in dead mosquitoes. A preliminary study found that there was no significant different in the number of Culex mosquitoes (t ‫ס‬ −0.001, P > 0.05; n ‫ס‬ 10) or total number of mosquitoes (t ‫ס‬ 1.327, P > 0.05; n ‫ס‬ 10) collected in Centers for Disease Control mosquito traps 23 with or without thymol vapor. These results suggest that thymol wicks are suitable for preventing fungal contamination when storing mosquitoes in the field for long periods of time. The failure to isolate virus from all but one dead mosquito stored from day 1 post-death indicates that virus isolation is unsuitable for detection of JE virus in long-dead mosquitoes held in hot, humid conditions, and is consistent with findings for other flaviviruses. 6, 7, 24 The semi-nested PCR was potentially capable of detecting one JE virus-infected mosquito in 1,000 non-infected mosquitoes. In contrast, virus infectivity decreased dramatically as pool size increased, until it was no longer detectable in pools of 200 mosquitoes. This indicates that the semi-nested PCR is superior to detection by virus isolation and TC/EIA when using large pools of mosquitoes. Numerous PCR assays have been previously described that detect arboviruses in mosquitoes in pool sizes between 50 and 100 mosquitoes. 7,22,25−30 However, few have looked at larger pool sizes. Armstrong and others 22 were able to detect the equivalent of 0.1/100 mosquitoes infected with eastern equine encephalomyelitis (EEE) virus by pooling aliquots from homogenates of pools of 100 mosquitoes, and Ross River virus-infected mosquitoes were detected in pools of up to 500 mosquitoes (Sellner LN, unpublished data). More recently, Jupp and others 8 found that single mosquitoes infected with RVF virus could be detected in pools of up to 600 non-infected mosquitoes, and the equivalent of 1/16,000 when pools of 1/100 mosquitoes were diluted in tissue culture medium. Our results confirm large pools of mosquitoes or diluted mosquito pools can be tested using the semi-nested PCR.
Advantages of processing large pools of mosquitoes include reduced sample processing time and cost. However, processing of large pool sizes would result in a loss of valuable information about infection rates in mosquitoes during outbreaks of arboviral disease. Furthermore, processing of large pool sizes would increase the possibility that more than one flavivirus could be present, prohibiting confirmation of virus identification by nucleotide sequence analysis. To avoid this, mosquitoes could be processed in pools of 200, and 20-L aliquots from five pools of 200 mosquitoes could be pooled for RNA extraction and subsequent assay by the semi-nested PCR, enabling processing of up to 1,000 mosquitoes per sample for JE virus detection. Any samples deemed positive may then be re-tested individually to confirm infection, undertake nucleotide sequencing of the viral RNA and calculate minimum infection rates. A similar procedure has been previously described for EEE virus. 22 Detection of JE virus RNA directly from mosquito pools enables phylogenetic analysis of strains of JE virus without possible nucleotide base changes following passage through cell culture. 31, 32 If mosquito pools are found to contain more than one flavivirus, virus-specific primers (Conlon J, unpublished data) can be used to identify the flaviviruses present.
One of the major advantages of processing large pools of mosquitoes is the reduced sample processing time and cost. The cost of processing 100 pools of 100 mosquitoes for virus isolation and identification by TC/EIA is less expensive, at least in terms of consumables, reagents, and labor than RNA extractions and the semi-nested PCR (Table 3) . However, the time required to extract RNA and test 100 pools of mosqui- toes is substantially less than for virus isolation and TC/EIA. Furthermore, given that JE virus RNA can potentially be detected in pools of up to 1,000 mosquitoes, detection by the semi-nested PCR would prove substantially more economical than virus isolation. Nawrocki and others 27 reached a similar conclusion during a study investigating the detection of SLE virus in pools of mosquitoes.
The primary objective of this study was to investigate the viability of a PCR-based system for detecting JE virus in infected mosquitoes as a component of a mosquito-based surveillance system. The method of mosquito collection and sample processing for surveillance of JE virus described in this paper and elsewhere (Johansen CA and others, unpublished data) is currently being field-tested using laboratoryinfected mosquitoes. Given that the semi-nested PCR described in this paper can detect numerous flaviviruses, including MVE and Kunjin viruses, the assay may also prove useful for surveillance of other flaviviruses enzootic in northern Australia. ¶ Time to tentatively identify Japanese encephalitis (JE) virus in 100 pools of 100 mosquitoes.
# Time to confirm the presence of JE virus in 100 pools of 100 mosquitoes by repeating isolation or identification by TC/EIA or RT-PCR/semi-nested PCR/nucleotide sequencing, respectively.
